Six male and six female Yucatan pigs were utilized to investigate the feasibility of this species as a non-rodent model for routine regulatory and mechanistic toxicology studies. This study evaluated disease surveillance and computerized electrophysiology, along with possible gross and micropathology changes. Two pigs were used as sentinel animals to evaluate the microbiological status of the vendor upon arrivalj the other pigs were maintained as biomonitors and to provide baseline clinical chemistry, urinalysis, pathology and electrophysiology data. The electrophysiology tests conducted included electrocardiography (ECG), electroretinography (ERG) and quantitative electroencephalography IqEEG), which achieved consistent baseline values with acceptable intrasubject variation. Tissue cholinesterase and histochemical staining were done to determine their suitability for testing cholinesterase compounds. Evaluation of the serum chemistry profile demonstrated increased CPK and LDH, which was likely associated with slight haemolysis or minor subclinical muscle stress during handling. There were no additional clinical chemistry changes or findings in haematology, urinalysis parameters or gross pathology. Micropathology found an absence of background lesions which would interfere with routine toxicology studies, except for a mild rhinitis. The aetiological agent was identified by electron microscopy as being consistent with inclusion body rhinitis of swine, previously unreported in miniature swine. This would most notably interfere with inhalation studies. The anatomical and physiological similarities of the Yucatan pig, .along with its ability to accept the performance of electrophysiology tests allow this species to be considered as a suitable model for organ system testing in toxicology studies.
in regulatory studies, with reference to the Food Quality Protection Act or FQPA (United States Public Law 104-170) and the International Conference on Harmonization of Technical Requirements for the Registration of Pharmaceuticals for Human Use. A study protocol was developed where miniature swine were investigated according to the routine guideline requirements, as well as 'standard of practice' scientific procedures that would be expected for a non-rodent model for regulatory mechanistic studies. Normal values were determined for electrocardiography [ECGL electroretinography (ERG) and quantitative electroencephalography (qEEG) parameters using good automated laboratory practices (GALP) and good laboratory practices (GLP) techniques (Jones et al. 1997) . Vendor and husbandry surveillance disease screening was conducted to assure normal healthy experimental subjects at the start of the study and repeated at the end of the study to verify suitable husbandry conditions and practices at this laboratory.
Materials and methods

Animal husbandry and disease surveillance
To conduct this study, pure-bred male and female Yucatan pigs (Sus scrota domesticus) were obtained from Charles River Laboratories (Windham, Maine, USAl. The study design required a total of 12 animals [six males and six females), 20-26 weeks of age, weighing 4.6-8.0 kg. The pigs were limit-fed individually (Agway Mills, Inc.) according to ,3% of the animals' individual weekly body weights, with a 3 h time limit for consumption with continuous access to tap water. All animals were observed at least once daily for morbidity and mortality, and all activities, planned or unplanned, associated with the animals or their room were documented. The animal care procedures and room conditions during this study were in accordance with accepted standards of laboratory animal care in compliance with the Animal Welfare Act of 1966 (Public Law 89-544) and its amendments, as well as the Guide for Care and Use 357 at Laboratory Animals (NIH Publication No. 86-23, revised 1985) .
The animals had constant opportunity for daily exercise and social behaviour within their run. The room and stainless steel cages with slatted fibreglass flooring (1.2 m x 1.2 m x 1.2 m) were thoroughly cleaned and disinfected before the arrival of the animals and on a weekly basis during the study. Cages were cleaned with water daily, as well as scrubbed and disinfected at least weekly. The environment of the animals was regulated as needed and continuously monitored so as to maintain a run temperature ranging from 18 to 26°C, a relative humidity of 30 to 70% and a daily photoperiod of 12 h of light (06:00 to 18:00 h) alternating with 12 h of darkness. However, due to the continuous monitoring of temperature and humidity in the animal room, some deviations in the desired temperature and humidity may have been recorded.
One male and one female were sacrificed for gross pathology and micropathological examination to assess the health status of the vendor's facilities. The remaining pigs were utilized for collecting normal clinical chemistry, haematology, urinalysis and electrophysiology data according to a study design that uses a similar number of animals as a regulatory study. Upon receipt, the animals were examined for general health, behaviour and gross external abnormalities prior to being placed co-mingled as two per run when possible, and acclimatized to their ambient laboratory conditions for at least 6 days prior to their release for study. Following the period of quarantine at the start of the study and prior to euthanasia near the study completion, ophthalmic examinations, pachymetry and intraocular pressure measurements were conducted, along with fundiscopic photographs.
The surveillance antibody titres and culture work included: anaerobic and aerobic blood cultures, serology for leptospirosis-6 serovars, porcine parvovirus (HAl), porcine respiratory reproductive syndrome (PRRS) IFA, porcine enteric screen, pseudorabies (ELISA), swine influenza (HAl), TGE (SNL toxoplasmosis (latex) . Bacteriological culture of the following tissues included: nasal and trachea IBoIdetella blonchiseptica, Pasteurella multocida, Stlep. suis); lung (Salmonella, Actinobacillus, Mycoplasma spp.); liver (Salmonella spp.); tonsil (Actinobacillus, Salmonella spp.); small intestine (Salmonella spp.); mesenteric lymph nodes (Salmonella spp.); colon (Salmonella, Treponema spp.); with Warthin-Starry stain on colon sections for lleobactel spp. These procedures were conducted by the Veterinary Medical Diagnostic Laboratory at the University of Missouri.
Electrocardiography
Lead II measurements of the P wave, QRS complex and T wave parameters were collected and analysed numerically using a validated computerized ECG analyser and software (Vetronics, Inc., 330 Main Street, Lafayette, IN 47902, USA) (Jones et al. 1997) . Raw data, consisting of compressed graphic and alpha-numeric data were transferred by ACSII file to a statistics package for analysis and archived on magnetic tape. A mean was calculated from the five values for each parameter, and an average of the means used for statistical testing. The ECG parameters measured were P wave amplitude IP AMP) and duration (P-DUR), the P-R intervallP-R INT), the R wave amplitude IR AMP), the QRS complex duration IQRS OUR) and the Q-T interval (Q-T INT). Hardwire leads with alligator clips were appropriately attached with isopropyl alcohol and EKG cream (Medi-Trace, Buffalo, New York, USA). After a steady baseline was established, five representative PQRST complexes were selected for analysis.
Ophthalmology and electroretinography
A complete ophthalmic examination, fundic photographs, and measurements of corneal thickness and intraocular pressure were done. Then ERGs were performed according to a previously validated technique . The Yucatan pigs were dark adapted for 60 min, following the instillation of a mydriatic agent to promote pupil dilation. Only a faint red light was used to aid anaesthesia and ERG procedures. Anaesthesia was induced by mask using a semi-closed system Laboratory Animals (1999) 33 with flow rates of 0.5-1 l/min of oxygen, using isoflurane in a range of 0.5-1.5%. The depth of au"aesthesia was controlled to maintain orbital orientation. The animal's head was placed in a luminescent globe, with stereotaxic position maintained by an intermandibular support, while the pig was in sternal recumbency on a foam surface. The common negative needle electrode was placed at the intermaxillary region beneath the upper lip, and a single needle ground electrode was placed at the occipital crest. While both sets of eyelids were gently retracted, an impedance check ( < 10 kohms) and a steady baseline free of myoelectric and cycle artefact were established, prior to conducting measurements. In order to isolate the components of the retinal ERG waveform, different band pass and filter settings were used. The frequency band pass range was set at 1-3000 Hz, period of dark adaptation was standardized, and a blue filter setting was used to accentuate a rod response. Therefore the following five steps were incorporated into the diagnostic method: step 1 (scotopic, single flash, Blue 10 dB)for rod response; step 2 lscotopic} single flash) for maximal response; step 3 (scotopic, single flash 75-500 Hz band pass) for oscillatory potentials; step 4 (photopic, single flash) for cone response; and step 5 (photopic, 30 Hz flicker flash) for flicker cone response. The photopic stimulus was provided by a stroboscopic flash lGanzfeld), triggered and recorded by adapting an electrodiagnostic system (LKC Technologies, Inc., Gaithersburg, Maryland, USAI·
Quantitative electroencephalography
A standard veterinary neuro-examination of mental status/behaviour, gait characteristics, postural status and reactions, and spinal/ cranial reflex tests were conducted on the Yucatan pigs prior to performing the qEEGs. To provide quality data of limited recording artefacts, the animals were tamed by handling on previous occasions in a stereotaxic sling with comfortable leg restraints applied, in order to reduce movement artefact and intrasubject variability. The spontaneous, normotonic cortical activity of the animal at rest was recorded to assess neurological homeostasis. After recording resting cortical activity, the auditory, visual and somatosensory modalities were evaluated as previously described using defined test conditions and instrument settings validated according to GALP (Jones &. Greufe 1994 , Jones et a1. 1997 .
The standard 10 channel system of frontal (F1&2),temporal (T1&2J,central (C1,Z,2)'and occipital (01&2) regions, with a nuchal crest ground and reference electrode montage, was used to evaluate cortical activity at rest or due to stimuli. Raw EEG signal was recorded in epoch segments with a Dantec PL-EEG (Dantec Medical, Inc., Campbell, CA 95008, USA). The raw EEG signal of segmented epochs was analysed for percentile spectral edge frequency, and distribution of the total, fractional and absolute powers of delta (0.03-3.9 Hz), theta (4-7.9 Hzl, alpha (8-12.9 Hz) and beta (13.0-32.0 Hz) frequencies. Analysis of tracings employed Fourier transformation to derive the following components: the total power (TP), the absolute delta (AD), theta (AT), alpha (AA), and beta (AB)power values, the relative delta (RDl, theta (RT), alpha (RAJ, and beta (RB)power values, the total power within the theta-beta range (AT-B),median spectral frequency within the theta-beta range (MTSOJ,median spectral edge frequency (SFSO)and the 90th percentile spectral edge frequency (SF90).
Clinical chemistry, haematology, urinalysis, tissue cholinesterase and histochemical staining
Clinical chemistries, haematology (complete blood count, including differentialsl and urinalysis were performed on all Yucatan pigs shortly after arrival, at 3 weeks and prior to termination. Prior to the collection of blood, which was drawn via venepuncture into EDTA tubes, the animals were fasted overnight. Cholinesterase activity was measured using a modification of the Ellman reference method (Hackathorn et a1. 1983 ) which incorporated 6,6'-dithiodinicotinic acid (DTNA) as the coupling agent. For the evaluation of cholinesterase, analytical and his-359 to chemical activity in the brain and ocular tissues, the tissues were subdivided.
The tissues collected for cholinesterase measurements were placed in liquid nitrogen followed by storage in an ultra-low freezer (-90°C) until analysis. Tissues for histochemical staining were fixed in cold (4°C) buffered formalin overnight; frozen sections were prepared on the cryostat prior to staining. The right half of the brain was subsectioned to obtain portions of the following anatomical sites: frontal cortex, parietal cortex, occipital cortex, temporal cortex, cau-' date nucleus, hippocampus, cerebellum, brains tern, and residual right half lfor analytical Che only). The right eye was subdivided into cornea, retina (peeled from sclera) and optic nerve. Dorsal and lateral extraocular muscles were also evaluated for cholinesterase staining and analytical activity. Staining of frozen sections of brain and ocular tissue components was done by Kiernan's method [Kiernan 1990 ) using acetylthiocholine as the substrate.
Gross pathology and micropathology
A complete gross examination was conducted on all animals at the termination of study. The method of euthanasia was by intravenous injection of an approved euthanasia solution, Fatal-Plus (Vortech Pharmaceutics, Dearborn, Michigan, USA). The necropsy consisted of a systematic gross examination of each animal's general physical condition, body orifices, external and internal organs and tissues. All necropsy findings were recorded. Representative organ system tissues for routine histopathology were collected in 10% phosphate buffered formalin, with the exception of the ovaries and testicles which were preserved in Bouin's fluid, and the left eyes with optic nerves which were preserved in Universal fixative.
Tissues representative of the major organ systems were examined histologically by a veterinary pathologist with the exception of the physical identifier (ear tag or tattoo). Tissues were processed routinely and stained with haematoxylin and eosin. Re-cuts and special stains were requested as deemed necessary. Microscopic observations were entered into an Instem Computer System (PIC, Stone, Staffordshire, UK) for summation and report generation.
Statistical analysis
The mean, standard deviation and confidence intervals of the data were calculated, using the Number-Cruncher software program (NCSS, Kayesville, UT). Frequency data that were examined statistically were analysed initially by a Chi-square procedure to determine if the incidences differed statistically followed by a one-tailed Fisher's exact test in cases of significant variation. The organ and terminal body weight data and the clinical pathology data were evaluated on the basis of group means and individual values.
Results
The vendor and laboratory surveillance screens were negative for the serological and microbiological parameters of interest. The Yucatan pigs displayed no evidence of physical illness or behavioural abnormalities as a result of housing or having data collection methods conducted, as would be done during a regulatory study. Following the refinement of technical factors and standard operating procedures, the intrasubject and intersubject variability for data collected on the following three instruments was considered acceptable for biological data of this type.
Electrocardiography
The ECG measurements derived by this computerized software acquisition method are presented in Table 1 . The parameters associated with atrial events were P AMP, P OUR and P-R INT, which had mean values of 0.13 mv, 41.3 ms and 86.0 ms, respectively. The ventricular events of RAMP, QRS OUR and QT INT had mean values of 0.62 ms, 37.9 ms and 234.1 ms, respectively. The 95 % confidence intervals were judged to be acceptable in detecting biologically relevant differences when compared to concurrent controls in our regulatory studies (Table 1 ). There were no cardiac abnormalities detected by thoracic auscultation or when inspecting the waveforms captured by the software. 
Ophthalmology and electroretinography
The ERG measurements derived by this method are presented in Table 2 . The blue light provoked rod response mean a-wave amplitude was -37.6 ± 17.2 uV with a latency from time of stimulation of 16.6 ± 2.9 ms, while the mean b-wave amplitude was 164.9 ± 82.4 uV with a latency of 41.8 ± 12.9 ms. The test conditions used in the dog to provoke a maximal aand b-wave response did not appear as optimal as the blue wavelength for the Yucatan pig retina. The mean a-wave amplitude was -33.2±20.7 uV and the mean b-wave amplitude was 149.1 ±S3.1 uv. The greatest oscillatory potential mean amplitudes were for wavelets 3 and 4, being 20.8 ± 9.8 and l4.9± 1l.8 uV, respectively. The mean cone amplitude was 111.7 ± 75.5 uV, which was nearly 3-fold greater than juvenile beagles measures in our laboratory. Likewise, the 30 Hz flicker cone response of 67.9 ± 29.0 uV was consistently 2-fold greater than juvenile beagles. The amplitude values'measured under all five test conditions tended to have greater variability than the latency measurements for all individuals. In addition, there were no abnormalities detected by ophthalmic examination. The pachymetry (corneal thickness) mean values were 0.62±0.03 mm in these Yucatan pigs, while intraocular mean values were 25.5 ± 5.3 mmHg.
Quantitative electroencephalography
The qEEG measurements derived by this non-invasive method are presented in Table  3 . The mean TP under resting conditions was 
Clinical chemistry, haem atology, urinalysis, tissue cholinesterase and histochemical staining
The haematology and serum chemistry profile demonstrated variably increased CPK (450-1182 D/I) and LDH (380-977 D/I), which can be associated with slight haemolysis or minor subclinical muscle stress during handling. The values obtained from these Yucatan pigs were similar to the rang~s report by others (Radin et a1. 1986 , Rispat et al. 1993 . The tissue cholinesterase data for different regions of the brain and eye, along with serum cholinesterase data are presented in Table 4 . The caudate nucleus/stria had the highest (generally 4 x other areas) regional activity with 65.4±5.4 IU/g and 65.2± SEM ;s the standard error of the parameter mean (the square root of the ANOVA mean square error term divided by the number of animals) 6.5 IU/g in males and females, respectively. The cerebellum had 9.7 ± 1.3 IU/ g and l1.0± 1.9 IU/g in males and females, respectively. The hippocampus, brains tern, and cortical tissue regions had similar levels of cholinesterase content. Ocular tissue cholinesterase activity was similar amongst the tissue sites sampled, while the greatest activity was in the extraocular muscles followed by retina, optic nerve, and cornea. The erythrocyte cholinesterase levels observed were 4.24 ± 0.2 and 4.56 ± 0.3 IU/ml in males and females, respectively. The plasma cholinesterase levels were 0.60 ± 0.3 and 0.52 ± 0.01 IU/ml in males and females, respecti vely. Histochemical staining demonstrated the localization of acetylcholinesterase in the brain to be highest in the neuropile of the stria/caudate nucleus region, with slightly less staining in the brain stem where localization took place particularly within large neurons. Similar localization to neurons, but with diminished to poor staining intensity, was seen in the hippocampus, cerebellum, and cortical regions. The dorsal and lateral extraocular muscles of the eye demonstrated greater acetylcholinesterase staining of neuromuscular junction activity than was seen within other ocular tissues examined. The retina had minimal to mild staining with virtually no detectable staining in the cornea or optic nerve. The retinal staining was principally within the internal plexiform layer. Overall, the patterns seen with histochemical localization and analytical quantification of acetylcholinesterase in the brain region and ocular tissues were generally comparable.
Gross pathology and micropathology
There were no changes seen at necropsy that are often prominent in domestic pigs of similar age, such as anterior/ventral lung consolidation, early evidence of atrophic rhinitis, liver scars from parasite migration, intestinal parasites, etc. There were no unusual organ weight changes. Generally, there were minimal micropathology background changes seen in the Yucatan pigs in this study. Within sections of nervous tissue, background changes similar to other species included minimal presence of digestion chambers, individual nerve fibre axonal degeneration, or macrophage accumulation. Parathyroid tissue was generally difficult to locate and identify. If critical to a given study protocol, possibly the step-sectioning of the thymus would increase the numbers of parathyroid glands taken for evaluation. An interesting finding was the presence of a generally minimal to slight rhinitis with occasional multifocal hyperplasia or degeneration of the turbinate epithelium lFigs I and 2). Within the deeper glands or glandular (Harding 1958 , Duncan et al. 1965 , previously unreported in miniature swine.
Discussion
The recently passed Food Quality Protection Act (FQPAIappears to have addressed the Delany Paradox and reconciled guideline requirement gaps by obligating risk assessment modelling based in part on more complete and reliable animal model data, along with mechanistic explanations in order to derive appropriate tolerance levels for pesti-· cides (United States Public Law 104-1701. The test sponsor and the regulator both benefit from the use of the most appropriate animal model for human extrapolation of toxicodynamic data for registration of a chemical or drug. The Yucatan pig has been extensively used as an animal research model in several areas of physiology and organ system disease research for extrapolation to humans (Lloyd 1986) ,which provides a sound basis for experimental design. Also, there is generally less of an emotional attachment to the use of the Yucatan pig as an animal model compared to other species. This disease surveillance and evaluation of animal husbandry conditions found that these Yucatan pigs were healthy upon arrival and were maintained as such during the study. The animals acclimatized well prior to the electrophysiology procedures and demonstrated no adverse effects to the performance of these techniques. The evaluation of each electrophysiology data collection system was based on the ability to collect consistent and repeatable measurements on individual animals and groups of animals, while meeting the GLP compliance needs for data integrity, audit requirements and standard operating procedures (Jones et a1. 1997) .
The ECG parameter values were similar to the young beagle, except for the Q-T interval (mean=234.1 ms). In our experience using a similar method, the dog Q-T interval has a consistent range of 150-180 ms (Jones et a1. 1997) . The Yucatan pig has been considered an appropriate human model for cardiac exercise physiology (Hastings et al. 1982 ) and myocardial infarction (Hamburger et a1. 1991) . The ERG pattern was somewhat different in these Yucatan pigs when compared to the beagle. The blue light test condition used to provoke a maximal retinal response in the dog, did not appear to provide the greatest b-wave amplitude. Rather the cone response conditions provided the greatest bwave increase, most likely due to a difference in the proportion of rods and cones between the two species (Carr &. Siegel 19901. The greatest oscillatory potential mean amplitudes were for wavelets 3 and 4 in these Yucatan pigs, in contrast to the juvenile beagle where the most pronounced oscillatory potentials were 2 and 3 (Jones et a1. 1994) . The latter was similar to that reported by Sims (1990) . The oscillatory potential wavelets are a sensitive indicator of circulatory and degenerative diseases of the human retina (Heyen et a1. 1985) . The holangiotic vascular pattern and non-tapetal retina of the pig are similar to the human eye (Pond 1978) . The albino rodent is a questionable model of neurovisual toxicity, because it lacks a pigmented retinal epithelium. Albino rodents have a high incidence of light-induced retinopathy and have strain differences from pigmented animals with respect to biochemical and physiological parameters (Jori et a1. 1972 , Creel 1980 , Gibson et al. 1982 . The large delta contribution in these Yucatan pig qEEGs are more similar to the rat with an AD of 44.8 ± 19.3 uV and an RD of 43.1 ± 11.1% IJones et a1. 1996). Whereas in the beagle the predominate contribution was beta, where AB was ·36.4±27.4 uV and RB was 54.9± 17.1% (Jones &. Greufe 1994) . The advantage of qEEG is the separation and quantitation of the individual frequency band components, which is not possible by visual examination of the waveform on paper Laboratory Animals (1999) 33 Jones et al. (Freedman 1991) . This method does not require confounding anaesthesia or tranquillization, eliminates subjectivity of interpretation of recordings between scientists and reduces interlaboratory variation (Freedman 1991) .
Cholinesterase levels in the blood and regional differences in the brain and ocular tissue have been a concern with anticholinesterase drugs and chemicals. Species differences occur due to differences in decarbamylation rates, the ratio of acetyl-to butyrylcholinesterase activity, synthesis rates and metabolism differences (Buck et a1. 1976 ). There was no meaningful difference in the brain regions, except for the prominent activity in the caudate nucleus/stria region. The cholinesterase levels in ocular aqueous humor can be of diagnostic importance in the clinical situation (Buck et a1. 1976 ). Micropathology found that the minipigs in this study were free from background lesions which would interfere with routine toxicology studies, with the exception of a mild rhinitis associated with inclusion body rhinitis of swine. The presence of these lesions would raise the question of the appropriateness of miniature swine for inhalation studies. However, the anatomical and physiological similarities of the Yucatan pig, along with the ability to have electrophysiology tests performed on them allow this species to be considered as a suitable model for routine and mechanistic testing in toxicology studies.
